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Abstract 
The purpose of this study was to measure the effective neutron shielding characteristics of the new shielding material designed 
and manufactured to be used for the construction of the new SANRAD facility at Necsa, South Africa, through Au foil 
activation as well as MCNP simulations. The shielding capability of the high density shielding material was investigated in the 
worst case region (the neutron beam axis) of the experimental chamber for two operational modes.  
The everyday operational mode includes the 15cm thick poly crystalline Bismuth filter at room temperature (assumed) to filter 
gamma-rays and some neutron spectrum energies. The second mode, dynamic imaging, will be conducted without the Bi-filter. 
The objective was achieved through a foil activation measurement at the current SANRAD facility and MCNP calculations.  
Several Au foils were imbedded at different thicknesses (two at each position) of shielding material up to 80cm thick to track 
the attenuation of the neutron beam over distance within the shielding material. The neutron flux and subsequently the 
associated dose rates were calculated from the activation levels of the Au foils. The concrete shielding material was found to 
provide adequate shielding for all energies of neutrons emerging from beam port no-2 of the SAFARI-1 research reactor within 
a thickness of 40cm of concrete. 
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Selection and peer-review under responsibility ofPaul Scherrer Institut. 
Keywords: neutrons; shielding; radiography; foil activation. 
* Corresponding author. Tel.: +27123055734. 
E-mail address:mabuti.radebe@necsa.co.za 
© 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Selection and peer-review under responsibility of Paul Scherrer Institut
 M.J. Radebe et al. /  Physics Procedia  69 ( 2015 )  392 – 398 393
1. Introduction 
Materials with high attenuation (absorbing and scattering) properties for penetrating radiation, e.g. X-rays, 
gamma-rays and neutrons, have the ability to provide shielding against penetrating radiation. Neutrons, sourced 
from SAFARI-1, a 20 MW nuclear research reactor, are utilized to perform neutron radiography and/or 
tomography. By following the procedure for foil activation, the shielding capability and characteristics of a special 
concrete mix which will be used for radiation shielding purposes at the upgraded SANRAD facility at Necsa’s 
SAFARI-1 nuclear research reactor can be determined [De Beer et al (2005)]. Other results regarding the shielding 
characteristics and physical and chemical properties of this new concrete material are reported elsewhere in these 
proceedings [De Beer et al (these proceedings)]. The experimental method applied in this study is Au foil 
activation for neutron flux measurements which subsequently provides neutron dose [De Soete et al (1972)]. 
The shielding ability for neutrons was evaluated for two operational modes, normal and dynamic imaging. The 
everyday normal operational mode includes the 15cm thick poly crystalline Bismuth filter at room temperature to 
filter the gamma-rays and some neutron spectrum energies. Dynamic imaging will be performed without the Bi-
filter in the beam. The dynamic imaging operational mode requires a high neutron flux for good temporally 
resolved measurements and filtering is not desired for this case. The dynamic imaging operational setup was 
investigated by means of a MCNP simulation and the everyday operational setup by means of Au foil activation 
measurement. Experimental measurements with Au foils were conducted with the Bismuth filter in place. The 
results of both the measurement and the simulation show that the thickness of the shielding material planned for 
the new SANRAD facility is adequate from the radiation safety point of view. Several Au foils were embedded at 
different locations up to 800mm within the shielding material to follow the attenuation of the neutron beam over 
distance within the shielding material.   
2. Experiment 
2.1. Foil activation 
The foil activation method was applied for determination of the attenuation properties of the shielding materials 
for thermal- and fast neutrons. Foils used in this experiment are made of Au. 
The neutron energy spectrum (simulated with MCNP) as expected at the SANRAD facility according to the 
MCNP-X simulation is shown in Figure 1. The radiative neutron cross-sections of Au-197 as shown in Figure 2 
accommodate the entire neutron energy spectrum expected at the SANRAD facility [Sigma software]. 
Fig. 1.Neutron flux density as a function of energy as predicted for the new SANRAD facility. 
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Fig. 2. Neutron radiative capture cross-section as a function of neutron energy for Au-197 [Brookhaven National Laboratory]. 
When Au foil is activated by neutrons, it emits characteristic energy gamma-rays which can be counted and 
related to the neutron flux incident on the foil. By placing foils in front and between the shielding layers, the 
incident and transmitted (also backscattered neutrons) neutron fluxes are obtained at each position of shielding 
thickness. It is known from the Lambert-Beer law (Eq-1) that radiation attenuation behavior is given by: 
ܫ ܫ଴ൗ ൌ ݁
ିσ௫
  (1) 
Where I0 and I are the intensities of the incident and transmitted beam respectively, and Σ and x  are the linear 
attenuation coefficient (cm-1) and the thickness (cm) of the sample respectively.  
With known I0, I and x values, it is possible to compute the linear attenuation coefficient ( Σ ) of the material 
under investigation. The attenuation coefficient gives an indication of the material’s radiation shielding property 
and capability.  
2.2. Samples 
Shielding materials used for this evaluation were concrete blocks with surface area dimensions 10 x 10 cm2, 
representative of the envisaged concrete of the new facility. The thickness and number of the blocks is shown in 
Table 1 and captured in Figure 3. The concrete mixture has a density of ~4250kg/m3 and is discussed in another 
paper [De Beer et al (2015)]. Figure 3 shows the experimental setup of the concrete blocks with the foils in-
between them. 
Table 1. Thickness of shielding material blocks used for measurements of transmitted neutron beam. 
Thickness (cm) Quantity 
2 5 
10 7 
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Fig. 3. Setup of shielding material (red coloured) cut into thinner slices facing the neutron beam and placed on top of concrete and lead blocks. 
2.3. Au foil positioning 
Several Au foils were prepared (0.5cm radius discs, 5 x10-3cm thickness).  After all the layers of the shielding 
material were placed in the beam axis, ensuring that they were aligned to each other, foils were placed between the 
shielding materials as shown in Figure 6. Foils were uniquely numbered and two foils placed at each position. 
Figure 7 shows the green foam, which has negligible neutron attenuation and was used to host the foils, embedded 
between the shielding material layers. The foam was used to keep the foils in position and in line with the beam 
axis. 
Fig. 4.Side view of the experimental setup. 
2.4. Experimental activation parameters 
All Au foils were slotted between the shielding material layers ensuring alignment with the beam axis and 
activated continuously for 5 days. 
Soon after activation, the foils were individually counted with a NaI-detector, utilising the 411keV (Au-198) 
gamma peak. Counting was done at a distance of 15cm away from the NaI-detector to ensure a reasonable count 
rate and a low detector dead time.  A dead time of less than 2% was maintained during the counting of foils and the 
calibration standards respectively. 
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Fig. 5. Experimental setup showing foam holding the Au foils slotted between the shielding material layers. 
3. Results and discussion 
The measured foil activities were used to calculate the total incident flux and the associated dose rate. The 
results are shown in Table 3.  
Table 2. Results for measured and calculated total flux and dose rate as a function of shielding material determined through 
Au foils. 
Foil position Total flux (n/cm-2/s) Dose rate (mSv/h)
Average Average   
Position Shielding thickness (cm) Standard 
deviation 
Standard 
deviation 
F 0 1.108E+08 1.25E+06 4.07E+03 4.50E+01 
B1 2 4.222E+07 2.45E+06 1.88E+03 1.10E+02 
B2 4 1.434E+07 9.00E+05 6.37E+02 4.00E+01 
B3 6 5.085E+06 3.61E+05 2.26E+02 1.60E+01 
B4 8 2.341E+06 2.29E+05 1.04E+02 1.01E+01 
B5 10 1.267E+06 4.75E+04 5.43E+01 2.00E+00 
Calculated1 20 8.639E+03 8.64E+01 3.70E-01 n/a
2 
Calculated1 30 9.597E+01 9.60E-01 4.11E-03 n/a
2
Calculated1 35 1.011E+01 1.01E-01 4.33E-04 n/a
2
Calculated1 40 1.066E+00 1.07E-02 4.57E-05 n/a2
Calculated1 50 1.184E-02 1.18E-04 5.08E-07 n/a
2
Calculated1 60 1.316E-04 1.32E-06 5.64E-09 n/a
2
Calculated1 70 1.462E-06 1.46E-08 6.26E-11 n/a
2
Calculated1 80 2.320E-08 2.32E-10 0.00E+00 n/a2
1Calculated based on the exponential mathematical solution of the measured flux. 
2Values are read from the conversion table without standard deviation, so error can’t be propagated. 
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The measured transmitted intensities were plotted and a mathematical function was fitted. The transmitted 
intensities after 20, 30, 35, 40, 50, 60, 70 and 80cm were calculated from this analytical function, Figure 8.  
A difference exists between the measured and MCNP simulated data because the measured data is obtained 
from a beam line with a 15cm thick poly crystalline Bismuth filter at room temperature and the simulation 
considered a case where there is no filter. The new facility will be equipped with the capability to place and 
remove the Bismuth filter in the beam axis for everyday operational and dynamic imaging modes respectively. The 
attenuation coefficients of the shielding material for neutrons on both the everyday and dynamic imaging 
operational setups are 0.45cm-1 and 0.30cm-1 respectively.  
The black threshold line in Figure 8 indicates the maximum total neutron flux permitted, not to exceed the dose 
rate limit of 10µSv/hr (20mSv/yr) for personnel. 
Fig. 6. Total flux as function of shielding thickness for [a] without the Bi-filter, as simulated with MCNP, and [b] measured and extrapolated 
with the Bi-filter in the beam. 
4. Conclusions 
From the normal mode experimental total flux data (Figure 8), it can be observed that 30cm of this type and 
composition of concrete shielding material fulfils the radiation occupational health dose rate limit of 10µSv/hr 
(20mSv/yr). A conservative (considering secondary gamma-ray production not addressed in this study) thickness 
of 60cm of shielding material should provide adequate shielding for personnel safety from both neutrons and 
primary and secondary gamma-rays. 
The neutron flux for the dynamic imaging operational mode simulated using MCNP (considering only neutrons 
and not secondary gammas) shows that the shielding thickness of 40cm will be adequate for occupational safety 
which is conservatively satisfied at and below 1500n.cm-2.s-1 for our neutron energy profile. 
The concrete shielding material thus was found to provide adequate shielding for all energies of neutrons 
emerging from beam port no-2 of the SAFARI-1 research reactor, with the given flux (calculated and simulated). 
However, total shielding of the final layout of the facility will be provided with additional layers to the concrete, a 
20cm thick B-polyethylene and a 1cm thick Fe plate on the inside of the experimental chamber and another 1cm 
thick Fe plate on the back of the concrete shielding material.  
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